Atypical twinning highlights that complex mechanisms responsible for twinning are not fully understood and may give further insight into the mechanisms involved. To assume that phenotypic difference is the result of dizygotic twinning would be erroneous and could have significant implications in the care and counseling provided to these patients.
| INTRODUCTION
We report two cases of atypical monozygotic twins to provide insight into embryogenesis. They are discussed within the fission and fusion concepts of twinning. Epigenetic mechanisms that may contribute to pathogenesis of discordant monozygotic twins are reviewed. These concepts are important for the counseling and care of atypical twins.
Monozygotic (MZ) twinning is a rare event in nature, occurring in humans and armadillos. 1 While dizygotic (DZ) twinning rates vary throughout the world, monozygotic rates were previously stable at <0.5% of pregnancies. 1,2 Twin births, both DZ and MZ, are becoming increasingly common. 2, 3 This is attributed to advanced maternal age and assisted reproduction technologies (ART), most commonly associated with in vitro fertilization (IVF). 4, 5 While increased rates of twinning were historically associated primarily with transfer of multiple embryos during IVF or release of multiple oocytes from ovarian stimulation, recent evidence and experience suggest that ART with single embryo transfers also results in increased MZ twinning. Blastocyst transfer, intracytoplasmic sperm injection, storage or manipulation of the embryo, and abnormal X inactivation may contribute to increased rates of MZ twins. 1, 5, 9, 10 Embryo transfer at the blastocyst stage is most commonly associated with MZ twinning in case-control studies and meta-analyses; nevertheless, it is likely that techniques employed in ART/IVF have synergistic effects. 5, 11, 12 ART has been reported in association with atypical twinning. 17, 18 Several reports challenge the classical fission theory of twinning and highlight that the mechanisms resulting in MZ twinning remain poorly understood. 5, 14, 17, 20, 21 Previously, fission (embryo splits into two distinct entities, membrane anatomy dependent on timing of separation) was believed to explain all MZ twinning. According to the most widely accepted theory, fission occurs 1-3 days after fertilization in dichorionic diamniotic twins, 4-6 days in monochorionic diamniotic twins, and 7-9 days in monochorionic monoamniotic twins. Partial fission after the development of the primitive streak at approximately 2 weeks results in conjoined twins. 1, 2, 21 However, fission has never been observed in vitro or in vivo. 20 Well-documented cases of MZ twins with variable chorionicity and amnionicity occurring after single embryo transfer at the blastocyst stage (5-7 days) and of dizygotic monochorionic twins after ART are incongruent with fission. 11, 14, 17 Fission fails to account for several forms of atypical twinning, including chimeric, acardiac, asymmetrically conjoined, and fetus in fetu. In these instances, fusion theory-where the embryo refuses after twocell postzygotic splitting with placentation and membranes dependent on degree of fusion of inner cell masses, trophoectoderm, etc-might be more congruent. 21 In this report, we describe two pairs of phenotypically discordant MZ twins, one of which are conjoined. We review relevant literature with the aim of discussing theories of twinning and the impact of ART on incidence and pathogenesis of discordant twinning.
| CASE REPORT
Twin Pair 1 were spontaneously conceived monochorionic, monoamniotic MZ males with 19% growth discordance born at 26 weeks to a Gravida 3 Para 2→4 mother via C-section for breech presentation, decelerations, and reversed end-diastolic flow. Twin A transferred to our hospital at 3 months of age for severe chronic lung disease, pulmonary hypertension, and airway evaluation necessitating tracheostomy. He had absent left kidney, prenatal MRI showing polymicrogyria, and postnatal cranial ultrasound showing prominent lateral ventricles, cystic periventricular leukomalacia, and intraventricular hemorrhage detected after new-onset seizures. He developed retinopathy of prematurity requiring treatment. Radiographs revealed 13 rib pairs and suspected vertebral anomalies. Physical examination was notable for short limbs. Twin B had less-severe lung disease and retinopathy of prematurity requiring no intervention. He had no renal or neurological abnormalities. At time of Twin A's transfer, Twin B was home on full feeds and nasal cannula. Karyotype, microarray, and zygosity testing were performed, demonstrating monozygosity and concordant deletion of Yq11.22 not felt to be responsible for Twin A's phenotype.
Twin Pair 2 were spontaneously conceived, conjoined thoraco-omphalopagus, monochorionic, monoamniotic, MZ females born at 31 weeks via C-section to a Gravida 2 Para 0→2 mother with preeclampsia. On MRI, twins shared a liver with separate portal venous and biliary systems confirmed at operative separation. They shared a single 6-vessel umbilical cord and had discordant cardiac anatomy. Twin A had balanced complete atrioventricular canal (CAVC). Twin B had normal cardiac structure. They were conjoined from xiphoid to pubic symphysis, resulting in face-to-face configuration. Each had intact genitalia, anuses, and lower limbs. Tissue expanders were placed at 1.5 months of age, with successful separation at 3 months. Twin A underwent repair of her CAVC. She was discharged from the CICU at 9 months on supplemental oxygen via nasal cannula and nasojejunal feeds. Twin B had a shorter stay with hematochezia and feeding intolerance which resolved before discharge at 6 months of age.
| DISCUSSION

| Biology of atypical twinning
We present two MZ pairs with remarkable phenotypic discordance despite their monozygosity to highlight relevant theories about this complex phenomenon in reproductive medicine. While precise mechanisms causing discordance are unknown, genetic (chromosomal, single gene defects, epigenetics including differential methylation and imprinting, mitochondrial, skewed X inactivation) and environmental (cell number at division, vascularity, placental attachment, embryonic signaling, postnatal experiences) factors might contribute to distinct features of MZ twins. Embryogenesis is complex and incompletely elucidated, involving iterative processes with signaling molecules, centers, and morphogenetic gradients. 25 Aberrant cross-signaling could occur when MZ twins have conflicting migrational or morphogenetic pathways resulting in conjoined twins or phenotypic discordance. 26 With the exception of humans and armadillos (the latter birth identical quadruplets), monozygosity is not seen in other placental mammals. Experimentally, MZ twinning has been induced in other species by disruption of the zone pellucida, zona tampering (in which integrity is breached by assisted hatching, ICSI, etc, leading to damage or splitting of the cell mass), delayed fertilization, and exposure to hypoxia.
| Fission vs fusion
Atypical twins provide unique insights into theories of fission vs fusion. Conjoined twins-discordant or not-can present a unique challenge to fission theory. They are obligate MZ occurring only 1 in 250 000 live births, or 1 in 400 MZ twin pairs. 1, 2, 27 Within the fission framework, these twins are the result of incomplete separation of embryonic plates. Blastogenesis of conjoined twins is still not understood. 26 Existence of asymmetric and acardiac twins is incongruent with fission theory, which might make fusion mechanisms more likely in these scenarios. In this theory, MZ twins could undergo fusion at a later point in the development beyond | BARNES-DAVIS AND CORTEZZO zygotic splitting. The triggers for fusion are unknown, but theories include like stem cells being attracted to each other or a reorganization of such cells after two distinct axes have been recognized. 20 Twin Pair 2 had symmetric thoracic attachment, but the phenotypic discordance might support fusion over fission.
| Role of epigenetics
Divergent epigenetic expression likely contributes to distinct growth and development in MZ twins. 5 Epigenetics refers to inheritance of gene expression patterns not based on DNA sequence. Events occurring in utero influence fetal growth and metabolism and have life-long consequences, epitomized by concepts related to the "Barker hypothesis." 28 Intrauterine environmental factors (such as the proportion of the placenta, placental blood flow, and umbilical cord supporting each cotwin) may differentially affect each twin resulting in distinct developmental and metabolic processes. Gene expression is strongly influenced by changes in chromatin and differences in methylation and histone acetylation. Epigenetic markers such as DNA methylation in MZ twins change as distinct postnatal experiences diverge. DZ twins have more epigenetic discordance than MZ twins. 29 Differences in placentation, site of implantation, cord insertion, etc, may confer changes in maternofetal blood flow, resulting in differences in substrate and oxygen supply which may in turn contribute to epigenetic variation. 29, 30 These changes are thought to underlie diseases later in life, including neoplastic, autoimmune, and psychiatric disease. 30, 31 Genomic imprinting related to differential methylation of paternal and maternal alleles was identified in cases of discordant BeckwithWiedemann and Silver Russell in MZ twins. 2, 32, 36 Changes in gene expression or growth of embryonic progenitor cells may have profound changes in tissue and organ morphogenesis; for example, increased methylation at the AXIN1 gene was implicated in discordant caudal duplication syndrome in MZ twins. 33 Mechanisms such as these likely underlie some phenotypic discordance in MZ twins regardless of which theoretical pathway-be it fission or fusion-initiated the twinning event.
| Postzygotic differences
Genetic bases for discordant MZ twins include postzygotic differences, such as chimerism, somatic cell mosaicism, X inactivation, spontaneous single gene defects, or copy number variants. Differences in chromosome inactivation are implicated in female MZ twins discordant for Duchenne muscular dystrophy, Turner syndrome, hemophilia, Hunter's disease, and Fabry's disease. 37, 38 Female predominance of conjoined twins and association of phenotypic discordance of X-linked diseases with skew in MZ twin pairs led to speculation that X inactivation influences pathogenesis, but this was not demonstrated in tested cases. 41 Postzygotic genetic changes have been reported for mosaic twins (abnormal twin with minor anomalies found to have 46XX dup(1)(p12p15)), twins with increased copy number variation, and de novo mutations in discordant twins causing neurofibromatosis 1 and Dravet's syndrome. 42, 43 In Dravet's syndrome (also known as severe myoclonic epilepsy of infancy), exome sequencing of concordant and discordant twin pairs demonstrated mutation of the SCN1A gene (encoding a sodium channel subunit) could occur at any time in the life cycle of the gene through single gene mutation in the gamete or mosaicism of somatic cells or germ line cells, with each class of mutation having different significance for reproductive counseling. 42 However, in some discordant pairs, no nucleotide sequencing differences were found by next-generation sequencing. Conversely, copy number and point mutations were identified in concordant adult MZ twins; however, the estimated mutation rate of 1.2 × 10 −7 per base pair per twin pair makes the biological significance of these nucleotide differences unclear. 44, 48, 49 While these reports do not provide evidence specifically for fission or fusion, they underscore the complexity of the biological milieu surrounding the twinning event-or sequence of events-and subsequent development of the cotwins.
| Diagnosis
Understanding zygosity and mechanisms of twinning has implications for genetic counseling, risk stratification, and medical issues in childhood and beyond. The presented cases highlight diagnostic and prognostic challenges faced by caregivers and families prenatally and postnatally. It is important that providers do not rely on placentation, chorionicity, or amnionicity under the assumption of fission theory for zygosity determination, which generally relies on examination of the mother and findings from ultrasound. 50, 51 Membrane anatomy is used as surrogate for zygosity to predict congenital defects and need for genetic testing, but is not reliable. 50 Indeed, a recent report of monochorionic twins-assumed to be MZ-who were found to be discordant for sex underscores we cannot continue to rely on membrane anatomy for definitive diagnosis (this particular twin pair was determined to be sesquizygotic, resulting from one oocyte and two spermatozoa). 22 Noninvasive prenatal genetic testing using cellfree DNA can be considered, but is challenging in multiple gestations. 53 Obstetricians and pediatricians must be aware of these limitations. Accurate genetic determination of zygosity is important for both prenatal (congenital malformation) and postnatal (hereditable disease, organ transplantation, and blood transfusion) risk stratification. 
| CONCLUSIONS
The presence of phenotypic differences in so-called identical twins is not uncommon and has been the subject of "nature vs nurture" discourse in both the lay and scientific press. These cases, while they do not prove one theory of twinning, impress upon the clinician that these mechanisms are still not fully understood, are incredibly complex, and are multifactorial. Therefore, to assume that phenotypic difference-even something as involved as discordant caudal duplication 33 or presence of discordant CNS malformations as we report-must be the result of dizygotic twinning would be erroneous and could have significant implications in the care and counseling provided to these patients. In such cases, consultation with a geneticist and pre-or postnatal testing might be warranted. Through continued reporting and examination of such cases, we might work toward a better understanding of the mechanisms of twinning and implications for human disease and health.
